This paper contributes to a better knowledge on the distribution of individual wave overtopping volumes in shallow-water wave conditions. Results from new two-dimensional physical model tests on typical rubblemound breakwater geometries indicate that the formulae by Besley (1999) are underestimating the number of individual overtopping waves in non-Rayleigh-distributed, shallow-water wave conditions. Additionally, the proposed shape factors by Franco et al. (1994) , Van der Meer and Janssen (1994) , Victor et al. (2012) in the two-parameter Weibull-distribution, which is normally used for describing individual wave overtopping volumes, have been seen to over predict the largest overtopping volumes in depth-limited waves. Correction terms based on the incident wave height distributions are introduced in the present paper to modify the existing formulations by Besley (1999 ), Franco et al. (1994 , Janssen (1994), and Victor et al. (2012) . The modifications significantly improve the predictions of the largest overtopping volumes in shallow-water wave conditions.
Introduction
Wave overtopping can affect buildings, persons etc. located behind a sea defence structure and is usually specified as a design parameter with a specific return period. Normally, the average wave overtopping rate, q, is used as a design parameter. However, in recent time Franco et al. (1994) suggested instead to use the individual wave overtopping volumes as design criteria, such as the maximum individual wave overtopping volume during a design storm, V max , since this is believed to provide a better design measure than the average overtopping rate. The reason is that the largest overtopping volumes during the storm will most likely cause the damages to buildings etc. in the hinterland. The EurOtop manual by Pullen et al. (2007) provided tolerable individual wave overtopping levels.
Several researchers have suggested probability distribution functions for individual wave overtopping volumes on coastal defence structures; Franco et al. (1994) , Van der Meer and Janssen (1994) , Besley (1999) , Pullen et al. (2007) , Lykke Andersen et al. (2009), and Victor et al. (2012) . Many studies are, however, based on relatively deepwater wave conditions, and are believed to provide conservative predictions of the largest individual wave overtopping volumes in depthlimited conditions.
It should, however, be mentioned, that the depth-limitation effects have gained an increasing attention in recent time. As an example, Pullen et al. (2007) used the first negative moment of the energy spectrum, T −1,0 , in many of the design formulae instead of the commonly used peak period, T p . The reason is that T −1,0 is proportional to the wave energy flux and is thus more appropriate than T p to introduce the effects of changes in the energy spectra in shallow water wave conditions, c.f. Van Gent (2001) . This paper presents a review of the state of art knowledge including an evaluation of the performance of existing formulations in depth-limited wave conditions by comparing them against new two-dimensional physical model tests in shallow-water wave conditions. Based on this, modifications are suggested to more effectively account for the effects of shallow-water wave conditions in existing distribution functions for individual overtopping wave volumes from previous studies.
Existing knowledge
The probability of wave overtopping is defined by (1) in which N ow is the number of individual overtopping waves and N w is the total number of waves.
The number of individual overtopping waves can be predicted from (2) given by Besley (1999) where T m is the mean wave period in the time domain, H s is the significant wave height in the time domain at the toe of the structure, and q is the average overtopping rate.
Other formulations for prediction of N ow are presented in Pullen et al. (2007) . However, these exclude the effect of the crest berm B, which is included in q in (2). Thus, since different B are evaluated in the present study, as explained later, solely the formulation in (2) is considered in the present paper.
A study on the probability distribution of individual wave overtopping volumes was carried out by Franco et al. (1994) for vertical wall breakwaters. They found that the distribution of the individual wave overtopping volumes is well fitted by a two-parameter Weibull distribution. The non-exceedance probability is thus given by (3) where V is the mean volume per individual overtopping wave. A and b are the scale factor and the shape factor, respectively. V i is the individual wave overtopping volume.
By using the Weibull plotting position formula, F(V i ) = 1 − i / (N ow + 1), the distribution function can be expressed by (4), cf. Lykke Andersen et al. (2009) .
The maximum individual wave overtopping volume per meter width, V max , can be determined by setting the rank i to 1 which leads to the expression (5). This is similar to the formulation for V max presented in Pullen et al. (2007) except that they used N ow instead of N ow + 1. Lykke Andersen et al. (2009) noted that the formulation in Pullen et al. (2007) would predict V max =V ¼ 0 for N ow = 1 and thus their formulation is only valid for N ow N 5-10. However, since many coastal protection structures are designed to obtain small N ow solely the formulation in (5) is considered in this paper.
The mean individual wave overtopping volume V is given by (6) which introduce a new expression for V max . V total is the total overtopping wave volume per meter width during a storm.
The mean value of a Weibull distribution, μ V , given by (7), has to be equal to the mean individual wave overtopping volume and thus sets a relationship between for A and b. Γ is the mathematical gamma function.
From this, the relation between A and b is obtained given by (8) which is illustrated in Fig. 1 .
b was found by Franco et al. (1994) and Van der Meer and Janssen (1994) to be approximately 0.75 for respectively caisson breakwaters and dikes in relatively deep water. The shape factor was assumed to be constant for geometrical changes of the structures. However, according to Pullen et al. (2007) , b is likely to increase in shallow-water wave conditions. Victor et al. (2012) did a more detailed analysis on the values of b, based on two-dimensional physical model tests, in which the shape factor was fitted to the distribution of measured individual wave overtopping volumes in each dataset. The aim was to improve the knowledge on the probability distribution of individual wave overtopping volumes on steep, low-crested smooth structures such as floating wave energy converters. The effect of slope angle, non-Rayleigh-distributed incident waves, relative crest freeboard, and wave steepness was evaluated. A prediction formula for b was suggested based on the trends in the findings, and was concluded to fit relatively well to the b-values obtained from the different tests, although with some scatter. The tests by Victor et al. (2012) indicated an exponential decreasing trend of the shape factor b for increasing relative crest freeboard in the range 0.1 ≤ R c /H m0 ≤ 1.69 (i.e. for relative small freeboards), where H m0 is the significant wave height based on frequency domain analysis and R c is the crest height. Additionally, a linear increase in b was observed for an increasing slope angle in the range 0.36 ≤ cotα ≤ 2.75 (i.e. for relatively steep slopes). The non-Rayleigh-distributed waves resulted in larger values of b, but within the applied range of H m0 /h between 0.04 and 0.38 (for steep low-crested uniform slopes) the effect of shallow-water wave conditions was concluded to be within the scatter of the empirical coefficients in the prediction formula. Finally, the influence from the wave steepness was concluded to be negligible. The prediction formula by Victor et al. (2012) is given by (9).
Physical model tests
The physical model tests used for the present analysis are further described and interpreted in Nørgaard et al. (2012a Nørgaard et al. ( , 2012b , concerning wave loads and stability of rubble mound crown wall superstructures, respectively. The present paper will, however, solely deal with the measured wave overtopping. The tests are performed in a 25 m long and 1.5 m wide wave flume at Aalborg University, illustrated in Fig. 2 . The length scale is approximately 1:30. Three resistance type wave gauges are installed near the toe of the breakwater to measure the surface elevation and to separate reflected and incident waves. The wave gauges are positioned based on suggestions by Klopman and van der Meer (1999) , and the reflected and incident spectra are determined based on the approach by Mansard and Funke (1980) .
Considered wave conditions
Waves are generated based on the three parameter JONSWAP spectra defined by H m0 , the peak frequency f p (= 1 / T p ), and the so-called peak enhancement factor γ. At least 1000 waves are generated in each test. The wave generation paddle is a hydraulically driven piston mode generator, and the software AwaSys (Aalborg University, 2010) is used to generate waves with simultaneously active absorption of reflected waves. Test ranges for the deep and shallow-water wave conditions are specified in Table 1 , respectively. The water depth h is increased in steps in the "deep-water case" (resulting in changing H m0 /h ratios), and both h and H m0 are stepwise increased in the "shallow-water case" (the H m0 /h ratio is maintained). A c is illustrated in Fig. 3 .
Structure geometries
The armor layer consists of rock units with D n,50 = 40 mm, and the filter layer consists of rock units with D n,50 = 20 mm. The armor layer is designed to remain stable in all tests. The core consists of relative coarse material (D n,50 ≈ 5 mm) for both the deep and shallow-water configurations. The reason for the coarse core material is, as suggested by Burcharth et al. (1999) , to compensate for the scale effects due to the non-turbulent flow in the model core material. Scale and model effects will be discussed more in details in a later section.
Different R c /A c ratios are tested by raising the wall height. The wave conditions in Table 1 are repeated for each modification of the structure. The ratios of the tested structure geometries are listed in Table 2 . Definitions used in the table are illustrated in Fig. 3 .
A photo from the shallow-water model test set-up is shown in Fig. 4 . The pressure transducers and the "sliding section" in the photo are further described in Nørgaard et al. (2012a Nørgaard et al. ( , 2012b .
Determination of wave overtopping
The set-up for determining the average overtopping rate and the individual overtopping wave volumes is illustrated in Fig. 5 . The overtopping waves are directed into the box by means of a ramp, and the overtopped volumes are measured by use of a depth gauge installed inside a perforated pipe to dampen the surface elevation due to slushing in the box after an overtopping event. A pump in the overtopping box is programmed to start and stop when the water level reaches a certain predefined level. The run-time of the pump is stored in a data file and based on the pump capacity the accumulated overtopping volume is determined by compensating for the draining from the pump. The volume of the overtopping box is adjusted to each test series in order to have sufficient changes in water levels by individual wave overtopping and sufficient volume. If the overtopping box is too large compared to the wave overtopping in the specific test it is difficult to determine the individual overtopping volumes with sufficient accuracy due to too small changes in the water level in the box after an overtopping event.
An example of the processing of the overtopping signals is shown in Fig. 6 . The dashed lines in Fig. 6 (left) illustrate pump operations. The individual overtopping volumes are identified from the cumulative overtopping volume time series. The individual volumes and the number of overtopping volumes are obtained from an algorithm, which identifies fast changes in the volume of the box. This approach is validated before the tests where specific water volumes are released and afterwards correctly detected. Moreover, the individual overtopping wave volumes and number of overtopping volumes obtained from the algorithm are compared to V i and N ow obtained by visual inspections of the accumulated overtopping wave volume time series after each test. The circles in Fig. 6 (right) illustrate the maximum individual wave overtopping volume in the specific example. Table 1 Test ranges for deep-water and shallow-water wave conditions (Nørgaard et al., 2012b) . 
Method of analysis and remaining content of paper
Initially, the wave height distributions in the deep-water and shallowwater tests are determined and compared to existing wave height distribution functions.
Secondly, the measured average wave overtopping rates q from the model tests are compared to predictions by the CLASH Overtopping Neural Network (van Gent et al., 2007) to evaluate whether the Overtopping Neural Network is capable of providing good predictions in both deep and shallow water wave conditions. This is important since predicted q are used also for prediction of N ow Besley are then compared to the N ow meas determined in the model tests, and modification to the Besley formula is introduced for the shallow water conditions. Finally, the performance of the shape factors b by Franco et al. (1994) , Van der Meer and Janssen (1994) , and Victor et al. (2012) is evaluated for estimation of V max in deep-water and shallow-water wave conditions by comparison with V max determined in the tests. A correction term is introduced to account for shallow water wave conditions.
Scale and model effects in the laboratory tests are discussed after the analysis.
Wave height distribution in tests
Two examples of measured deep-water and shallow-water wave height distributions are shown in Fig. 7 (left) and (right), respectively. The individual wave heights are measured at the wave gauges near the breakwater toe, c.f. Fig. 2 . A Rayleigh distribution and a Battjes and Groenendijk (2000) distribution are compared to the data. The tests are divided into deep-water wave conditions, H m0 /h ≤ 0.2, and shallowwater depth-limited wave conditions, H m0 /h N 0.2. As seen, the Rayleigh distribution fits well to the deep-water waves, but it is significantly overestimating the highest waves in the shallow-water wave conditions. The Battjes and Groenendijk (2000) distribution fits to the data very well in both the deep-water and shallow-water wave conditions in the example.
In Fig. 8 (left) and (right), the measured and predicted values of H 1/10 , based on the Rayleigh distribution and Battjes and Groenendijk (2000) distribution, respectively, are compared for all tests. H 1/10 is the average of the 1/10 highest incident waves and is evaluated since it will later be used to incorporate the effects of shallow water wave conditions in existing formulae. As seen, the Rayleigh distribution fits well to the deep-water waves but over predicts H 1/10 in shallow-water wave conditions. The Battjes and Groenendijk (2000) distribution provides very good predictions in both the deep and shallow-water wave conditions.
Evaluation of design tools for determination of average overtopping rate
The state of art tool CLASH Overtopping Neural Network (van Gent et al., 2007 ) is evaluated to determine its ability for prediction of q in deep and shallow-water wave conditions. The overtopping neural network is based on more than 10,000 model tests collected and performed during the EC funded CLASH project. Measured average overtopping volumes from the present tests are compared to the predicted volumes in Fig. 9 . A roughness coefficient of γ f = 0.5 is used for prediction of q as recommended in the manual. As seen, a good agreement between measured and predicted q is obtained for the evaluated deep-water and shallow-water wave conditions except for the smallest rates. Fig. 10 shows a comparison of the measured number of individual overtopping waves in each test with predictions given by Besley (1999) in (2). It is seen that the formula by Besley (1999) gives a relatively good estimation of N ow for H m0 /h ≤ 0.2, but provides an underestimation of N ow for non-Rayleigh-distributed incident waves. The underestimation is due to the fact that in deep water wave conditions the individual overtopping wave volumes are characterized by a few large volumes and many smaller volumes, c.f. the Rayleigh distribution. Contrarily, the individual overtopping wave volumes in shallow water wave conditions are more uniformly distributed with many relatively large overtopping wave volumes. Thus, less overtopping waves are needed in shallow-water wave conditions to obtain the same q as in deep-water wave conditions. This leads to a higher number of individual overtopping waves in shallow-water wave conditions compared to the deep-water wave conditions.
Evaluation of measured number of individual wave overtopping wave volumes against existing knowledge
A correction factor related to non-Rayleigh-distributed waves is thus needed to the Besley (1999) formula in order to expand the validity to non-Rayleigh-distributed waves. The correction is based on the incident wave height distribution, here characterized by the ratio H m0 /H 1/10 . The choice of H 1/10 seems reasonable, because typically 5-10% of the waves in the design conditions give overtopping. Moreover, H 1/10 is a relatively statistically robust parameter and in the present case well predicted by the Battjes and Groenendijk (2000) wave height distribution.
As seen from Fig. 11 (left) , the ratio between predicted and measured number of individual overtopping waves N ow meas /N ow Besley increases approximately linearly with H m0 /H 1/10 . H 1/10 in Fig. 11 is the measured values, but it could as well be predicted from the Battjes and Groenendijk (2000) distribution. By using the least-square method, a linear fit is Table 2 Ranges of structure dimensions for the breakwater model (Nørgaard et al., 2012b) . performed on the data in Fig. 11 (left) resulting in the correction factor C1(H m0 /H 1/10 ), given by (10). Based on the Rayleigh distribution, the ratio H m0 /H 1/10 can be calculated as H m0 /H 1/10 = 0.848 since H 1/3 = H m0 · 0.927 as proposed by Holthuijsen (2007) . The correction should be smaller for higher Q * since N ow /N w ≤ 1.
In Fig. 11 (right) , the modified predicted numbers of individual overtopping waves, N ow mod , are plotted against the measured numbers of individual overtopping waves, N ow meas . The performances of the original formula and the modified formula for determination of N ow are evaluated based on the correlation coefficients, ρ, and the standard deviations σ. As seen, the modified N ow seems to be well predicted for both incident Rayleigh and non-Rayleigh-distributed waves.
Individual wave overtopping volumes
The predicted maximum individual wave overtopping volume using (6), V max pred , based on N ow meas , is plotted against the measured maximum individual wave overtopping volume, V max meas , in Fig. 12 . V max pred is determined using two different values of the shape factor; b = 0.75 in accordance with Franco et al. (1994) , Van der Meer and Janssen (1994) , and b(R c /H m0 , α) by Victor et al. (2012) , as presented in (9). It should be mentioned that the formulation for b by Victor et al. (2012) is not calibrated against tests on porous, rough rubble-mound slopes. However, in contrast to the shape factor by Franco et al. (1994) , it includes the influence from the relative freeboard and the slope angle, and is therefore used for comparison. Moreover, as mentioned before, the shape factor by Franco et al. (1994) is based on vertical breakwaters. As seen, V max pred is relatively well predicted for deep-water waves in Fig. 12 (left) where a slightly better performance is obtained for the shape factor presented by Victor et al. (2012) . However, when evaluating the non-Rayleigh-distributed incident waves in Fig. 12 (right) , V max pred is over-predicted. This indicates that a correction term for the wave height distribution in shallow water wave conditions is needed in the shape factor. In Fig. 13 (left) is shown the b-factor as function of H m0 /H 1/10 . b is determined by a least-square fit against the 30% highest individual wave overtopping volumes, V i N V 30% , in each test. The reason for evaluating V i N V 30% is to maintain a sufficient accuracy in the determination of V i in the model tests with the lowest amount of wave overtopping. When V i become too small the detected overtopping wave volume is less accurate. Fig. 13 (right) shows the modification factor C2 fitted to the measured individual wave overtopping volumes. C2 is used to modify the formula for estimation of b by Victor et al. (2012) to include the effect of non-Rayleigh-distributed incident waves, see (11). The linear fits in Fig. 13 
The modified predicted maximum individual wave overtopping volumes are plotted against the measured maximum individual wave overtopping volumes in Fig. 14, using b in accordance with (12) and C2 in accordance with (13). As seen, a relatively good agreement is obtained between measured and predicted maximum overtopping volumes for both modified shape factors. However, the shape factor by Victor et al. (2012) modified using (13) is expected to provide better predictions in case of low R c /H m0 -ratios and for front slopes which significantly differ from the evaluated slope of cot(α) = 1.5. Evaluated ranges for q in Fig. 9 , the modified N ow in Fig. 11 , and the modified V max in Fig. 14, are summarized in Table 3 .
It should be kept in mind that no variation is performed on the slope angle in the model tests and that the breakwater profile is a traditional high crested profile with a roughness of γ f ≈ 0.5. The effect of varying slope angles is, however, included in the prediction formula for b by Victor et al. (2012) , 0.36 ≤ cotα ≤ 2.75. Briganti et al. (2005) described the full-scale measurements of wave overtopping at the Italian Rome yacht harbor breakwater in Ostia, located in depth-limited wave conditions. They highlighted the several nonconservative scale and model effects related to wave overtopping in small-scale. Among others, they noted the expected scale effects related to heavy wave breaking in small scale and the model effects of neglected perpendicular winds in small scale, which for the considered structure in full-scale increased the average overtopping rate by a factor 5 for an increase of a factor 2 in wind speed. Only little effect from cross wind was observed.
Scale and model effects in model tests
De Rouck et al. (2007) compared the prototype measurements from the Zeebrugge rubble mound breakwater with model test data in 2-D and 3-D. They stressed the needs for accurate modeling of the permeability of armor and core material since this was seen to have a high influence on especially the run-up level. To separate scale effects from wind effects and other uncertainties regarding prototype conditions Lykke Andersen et al. (2011) carried out comparative tests in large and small scale and identified a significant scale effect on mean overtopping discharges on rubble mounds.
The influence from scale effects on N ow and V max has not been investigated in details. However, Lykke Andersen et al. (2009) indicated that the scale effects on these parameters are not significant.
Conclusions
Individual wave overtopping volumes are measured in physical model testing of a rubble mound breakwater with a crown wall. The measured average overtopping rates from the present model tests are compared to predicted rates from the Overtopping Neural Network (van Gent et al., 2007) where a relatively good agreement is found for both deep-water and shallow-water wave conditions.
Existing state of the art tools for estimation of maximum individual wave overtopping volumes are seen to perform very well in deepwater wave conditions. However, in shallow-water wave conditions, the formula by Besley (1999) is seen to under predict the number of individual overtopping waves. This is due to the fact that individual wave overtopping volumes in shallow-water wave conditions are more evenly distributed compared to deep-water waves. Thus, a correction factor is introduced, based on the incident wave height distribution, described by the ratio; H m0 /H 1/10 . The suggested shape factors by Franco et al. (1994) , Van der Meer and Janssen (1994) , and Victor et al. (2012) in the two-parameter Weibull distribution used for the estimation of individual wave overtopping volumes are seen to insufficiently describe the distribution of individual wave overtopping wave volumes in depth-limited waves. The existing formulae significantly over-predict the largest individual wave overtopping volumes. Thus, correction terms are suggested based on the H m0 /H 1/10 -ratio. (12) and (right) V max predicted using (6) and modified b in accordance with (11) and (13).
Table 3
Investigated parameter ranges in modified design formulae for V max .
Parameters Ranges 
